Introduction
The rare-earth element cerium has a particularly rich, even by rare-earth standards, optical emission spectrum from both its neutral and singly ionized stages. This characteristic has made cerium attractive for use in high-intensity discharge light sources where it improves both luminous efficacy and colour rendering.
Neutral cerium's complex spectrum has been a daunting challenge for both experimentalists and theorists, and there is still much work to be done on determination of atomic parameters. Of greatest significance among published work on neutral cerium is Martin's extensive energy level analysis [3] [4] [5] , Meggers, Corliss, and Scribner's original [6] and revised [1] lists of nearly 1000 observed line intensities, and Bisson's et al [2, 7] measurement of 255 transition probabilities. Also of great significance is Martin's unpublished line list containing approximately 20 000 classified lines over the range 338.5-1000 nm. The size of this list gives a sense of the great extent of the problem of neutral cerium! Of lesser importance for this work are the observation of 1100 infrared lines by Verges et al [8] , the measurement of 18 radiative lifetimes by Xu et al [9] , and the measurement of two radiative lifetimes by Li et al [10] .
In this work, we present absolute radiative transition probabilities for 559 strong spectral lines of neutral cerium. Transition probabilities have not been previously available for any of these lines. The new data are obtained by putting the relative line intensities of Meggers, Corliss and Scribner [1] on an absolute scale using the much smaller set of absolute transition probabilities obtained by Bisson et al [2] .
The motivation for this effort is the determination of transition probabilities to enable simulation of the broad spectral distribution of emission from neutral cerium in highintensity discharge light sources. The complexity of this and other rare-earth spectra necessitates the use of transition probabilities for several thousand lines, many more than are presented here. However, this work demonstrates a method that is better suited to obtaining sufficiently accurate values for such a large number of lines than is the more traditional method of combining lifetime measurements with branching fraction measurements [11] . The latter is generally capable of producing values with uncertainties in the range 5-10%, but requires considerably more effort and therefore more time. The estimated random (Type A) uncertainty of nearly all the values given here is ±35%
1 . For the purposes of simulating broad spectral distributions of very dense spectra, this level of uncertainty is more than sufficient. If the errors in individual values are truly random, those errors will begin to cancel rapidly in a low resolution spectrum as the density of lines increases. Thus the tradeoff of accuracy for efficiency is acceptable. We hope this method will provide the means for obtaining transition probabilities for most of the 20 000 classified lines of neutral cerium in future work.
The Bisson transition probabilities
Bisson et al [2] determined absolute transition probabilities for 30 transitions of neutral cerium by combining radiative lifetimes of several levels with the branching fraction for the principal line originating from each of those levels. The lifetimes were measured with delayed laser photo-ionization. The branching fractions were determined from observations of emission from an electrodeless discharge lamp using a 1 m Fourier transform spectrometer. The stated uncertainty in the resulting transition probabilities is ±12%.
In addition, Bisson et al used their directly measured transition probabilities to construct a Boltzmann plot from which they extracted, under the assumption of a Boltzmann population of excited levels, a discharge temperature of 5000±114 K. They then combined an additional 219 observed emission intensities with level populations determined from their Boltzmann plot to obtain absolute transition probabilities for those additional transitions. They corrected their observed intensities for self-absorption. They did not correct their intensities for line-of-sight effects. In other words, their intensities were integrated along the line of observation, which crossed through regions of differing temperatures.
Subsequently, Bisson et al [7] used time-resolved laser photo-ionization to directly measure transition probabilities for 6 transitions of neutral cerium, two of which overlapped and confirmed their earlier measurements [2] . A total of 253 transition probabilities were obtained by Bisson and coworkers. These are the only measured transition probabilities for neutral cerium of which we are aware 2 .
The Meggers intensities
Meggers et al [1] published an extensive set of observed line emission intensities for the first and second spectra of 70 different elements, including neutral cerium. (We will refer to these as the Meggers intensities.) One of the primary goals of that work was to put spectrochemical analysis on a quantitative footing by providing a definite link between the relative intensities of various spectra observed in a standard source and the relative number of radiating atoms. Obviously, this also included putting the relative intensities within each spectrum, when observed in a standard source, on a quantitative scale. Prior to this effort, relative line intensities were a completely subjective matter and were useful only when comparing adjacent lines in a given spectrum. The Meggers intensities were obtained from a 10 A direct current arc burning in air. The element of interest was introduced into the arc through electrodes formed from compressed copper powder and 0.1 at% of the element. According to Meggers, Corliss and Scribner, 'The arc was imaged on the collimator of a concave-grating spectrograph by means of a quartz lens immediately in front of the slit to obtain uniform illumination along its length and collect light from all parts of the arc.' Line intensities were recorded on photographic plates and a rotating step sector was used to simultaneously create several different exposure levels in order to calibrate the non-linear plate response. Copper line intensities provided an internal calibration for each observation, with the copper lines calibrated, in turn, on an 2 J E Lawler and E A Den Hartog at the University of Wisconsin are currently analysing lifetime and branching fraction data for neutral cerium and are expected to produce absolute transition probabilities for a few thousand lines.
absolute intensity scale by the use of a tungsten strip lamp for the wavelength range 330-900 nm. This range covers all of the transitions of neutral cerium appearing in the Meggers intensities.
The small quantities of the observed element released into the arc from the copper electrodes reduced the occurrence of self-absorption.
Although self-absorption was later recognized to be a problem [12] for some lines of extraordinary intensity (much greater than 10 000 on the Meggers intensity scale of 1-90 000), none of the intensities in the neutral cerium spectrum is strong enough (all less than 400) to be influenced by this effect.
The Meggers intensities include values for 908 separate classified transitions in neutral cerium. The wavelengths and classifications for those lines were taken from the published [3] and unpublished work of Martin. By comparison of their results with several independent measurements of intensities and transition probabilities, Meggers, Corliss and Scribner estimated the general uncertainty in their relative intensities within a spectrum to be within the range of 15% and 25%.
The Martin line list
In his analysis of the spectrum of neutral cerium [3] , Martin created an extensive list of observed lines that he was able to classify (assign to a transition between a specific pair of energy levels). This list contains measured wavelengths for approximately 20 000 lines in the range 338.5-999.9 nm, but has not been published because it is still considered by Martin to be preliminary.
Martin's unpublished line list is of interest here because one or more earlier versions of it were used by Corliss, in consultation with Martin, to develop the classifications in Meggers et al [1] . We have used the higher precision wavelength and energy level values of Martin in place of the lower precision values of Meggers, Corliss and Scribner.
Absolute transition probabilities from the Meggers intensities
Meggers, Corliss and Scribner believed that their intensity values might be used to derive absolute transition probabilities provided the source temperature was accurately known. In fact, Allen [13, 14] had already attempted something similar by the time the Meggers intensities were originally published [6] . The basis for that and many subsequent analyses is the relation between local emission intensity and absolute transition probability when the atoms in an optically thin emitting gas have a Boltzmann population distribution,
Here I ( r) is the emitted power per unit volume per unit solid angle at location r within the discharge, u and l refer to upper and lower levels, respectively, λ is the transition wavelength, A is the absolute transition probability, g is the level degeneracy, N 0 is the ground level population, E u is the upper energy level value, and h, c and k are fundamental constants with their usual definitions. Using the preceding relationship, their own intensities and independently measured absolute transition probabilities for a few spectra, Meggers, Corliss and Scribner derived a temperature for their arc of 5000 ± 300 K. Early efforts to convert the Meggers intensities into absolute transition probabilities [15] using equation (1) produced highly inaccurate results, as shown, for example by Bridges and Wiese [16] . At least some of the inaccuracies are attributable to the adoption of the 'preliminary' equilibrium temperature given by Meggers, Corliss and Scribner to describe all lines.
The primary difficulty with a simple analysis based on equation (1) is that the Meggers intensity observations were not of a local emission intensity, but included contributions from all parts of their arc. This is true because Meggers, Corliss and Scribner did not image the arc on the entrance slit of their spectrograph but allowed the arc to uniformly illuminate it. Even if they had imaged the arc on the entrance slit, the observations would have consisted of an integral of local emission along the line of sight. The Meggers intensities, I M (λ ul ), are an integral over the arc volume, V , and a solid angle of light collection, , with an undetermined weighting factor, F,
Cowley [12] and, later, Cowley and Corliss [17] surmounted this difficulty by proceeding 'on a purely empirical basis without becoming involved in more fundamental questions such as the existence of a Boltzmann distribution of energy levels in the US National Bureau of Standards (NBS) copper arc, or whether the arc model should change significantly from one element to another.' They asked only whether the observed intensities could be described by equation (1) with some 'effective' temperature or temperatures, without regard to whether those temperatures had a physical interpretation.
They proceeded by making use of the best available A-values for some of the transitions observed by Meggers et al in several spectra. They allowed for the possibility of intensity-dependent and wavelength-dependent corrections to the observed intensities. They also allowed for the possibility of a non-Boltzmann population of excited states by including higher-order terms in the excitation energy. In only one case did they find a higher-order term useful. Likewise, no wavelength-dependent correction to the intensities was evident and only a small intensity-dependent correction was found useful.
Although Cowley [12] and Cowley and Corliss [17] showed that the relationship between the Meggers intensities and independently measured transition probabilities can be described by a modified form of equation (1), the 'effective' temperature turned out to be different for different spectra. Cowley and Corliss reported temperatures ranging from 5159 K for a subset of neutral cobalt lines to 8357 K for singly ionized neodymium [17] . They used their results and the Meggers intensities to obtain values for transitions for which no transition probability measurements were then available. They estimated the general uncertainty in these values to be ±50%. The Bisson transition probabilities for neutral cerium did not exist at that time.
The temperature values derived in the above manner are without physical interpretation, but it is not surprising that different temperatures are obtained for different spectra. For example, spatial segregation of different elements and ionization stages is frequently observed in high current arcs. This includes a relative predominance of ion emission from the core of the arc. Furthermore, the presence of even relatively small amounts of some species can affect the arc temperature. Generally, Cowley's results indicated lower temperatures for neutral spectra than for singly ionized spectra, and lower temperatures for neutrals with lower ionization potentials.
Absolute transition probabilities for neutral cerium
Here we adopt an approach similar to that of Cowley [12] . (This approach was also used by Haverlag [18] for neutral cerium, although he reported no new transition probabilities.) That is, we use the relation
to describe the Meggers intensities, with T and β being free parameters. The constant β consists of several factors including those related to light collection efficiency. Since the Meggers intensities are based on an arbitrary unitless scale, β has the units of nm s. The wavelength dependence of the collection efficiency has presumably been removed by experimental calibration. How well this reduced description of the arc relates the Meggers intensities to the Bisson absolute transition probabilities will be apparent when we determine values for T and β with lines common to both sets of data. The Meggers list contains entries for 908 separate classified lines. We disregard 3 of these lines because they are described as blends. We also disregard an additional 19 lines because they are given multiple classifications. [1] , 189 transitions are common to both sets. For these lines we calculated a least-squares linear fit to ln(I M λ ul /g u A ul ) versus E u and obtained In making the fit, the data points were weighted according to the given uncertainties in the measured gA values (ranging from 12% to 19%) and estimated 25% average uncertainty in the Meggers intensities. We explored the possibility that a correction to the intensity scale could improve the fit to the data points. We found that compressing the intensity scale, which ranged from 10 to 140, by the power 0.76 reduced the relative standard deviation in the fit from 0.32 to 0.30, yielding
Our correction is compatible with Cowley and Corliss's [17] intensity-scale corrections ranging from I 0.63 to I 1.18 for eight different spectra. The Boltzmann plot using the intensity-scale correction is given in figure 1 .
We also explored the possibility that the Meggers intensity scale drifted with wavelength. We did not find any significant effect, nor did Cowley and Corliss [12, 17] .
Finally we explored the possibility that the data points are better represented by a non-linear curve on the Boltzmann plot by using a quadratic least-squares fit to the data. The quadratic term resulted in a small improvement in the relative standard deviation without the intensity scale adjustment, but was not required when the intensity-scale adjustment was used. Therefore, we did not use quadratic or higher-order terms. Cowley and Corliss [12, 17] generally did not find quadratic or higher-order terms useful either.
The Meggers list contains intensity values for an additional 559 transitions for which Bisson did not measure absolute transition probabilities. Absolute transition probabilities for those transitions can be obtained from the Meggers intensities using equation (3) and the derived values T = 6200 K and β = 0.021 nm s. These new gA values are given in table 1.
The Boltzmann parameters T and β are determined by lines whose upper levels lie in the range 13 514-28 850 cm −1 . 
Summary
We have presented absolute radiative transition probabilities for 559 strong spectral lines of neutral cerium ranging in wavelength from 343.8 to 881.1 nm. Transition probability data have not previously been available for these lines. The upper levels for these transitions range from 13 514 to 32 073 cm −1 . The random uncertainty in the transition probabilities is ±35% for almost all lines.
